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The structural, elastic, electronic, and optical properties of HgGeB2 (B]P, As) are investigated using the
plane-wave ultrasoft pseudo-potential technique, which is based on the ﬁrst-principle density functional
theory (DFT) with generalized gradient approximation (GGA). The calculated structural parameters show
a good agreement with the experimental and other theoretical results. The optimized lattice parameters,
independent elastic constants (C11, C12, C13, C33, C44 and C66), bulk modulus B, compressibility K, shear
modulus G, and Poisson's ratio n, as well as the band structures, total and atom projected densities of
states and ﬁnally the optical properties of HgGeB2 have been evaluated and discussed. The band structure
and density of states show that these phases are semiconductors with band gap 0.019 eV for HgGeP2
phase and 0.057 eV for HgGeAs2 phase and the major contribution comes from P-3p and As-4p states.
Further the ﬁrst time detailed analysis of all optical functions reveal that both materials are better
dielectric and the reﬂectivity is high in the ultraviolet region up to 14.5 eV and 13.5 eV for HgGeP2 and
HgGeAs2 respectively, showing these to be promising coating materials. Also we have calculated the
Debye temperature (QD) of these chalcopyrite semiconductors for the ﬁrst time.
© 2016 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
In order to study the structural, elastic, electronic, optical and
thermal properties of AIIBIVC2V (AII¼ Zn, Cd, Mg, Hg; BIV¼ Si, Ge, Sn;
and CV ¼ P, As) chalcopyrite semiconductors several attempts have
been made in the recent past [1,2]. This is because they have a
number of technological applications in the modern technology.
The most important areas in which they are used to infrared light
emitting diodes and detectors [1,3,4], tunable laser in IR [5,6], CO2
laser [7,8] and NLO devices [6,9]. For example in photovoltaic solar
cells, light emitting diodes (LED) and infrared detectors the semi-
conductors CdSiAs2 and ZnSiAs2 are used widely [1,2]. In this group
the compound CdSiP2 is another NLOmaterial which is used in mid
infrared region. Until in recent times, the high cost and low efﬁ-
ciency of solar cells have restrained their wide use in our daily life.
Yet, new materials suitable for photovoltaics have become the ob-
ject of investigation together with the new technology of solar cell
manufacture [10]. For photovoltaic applications the most used. Rahman), zahidur.physics@
n open access article under the CCmaterials are amorphous or crystalline silicon and cadmium
telluride (CdTe), as well as IeIIIeVI2 chalcogenides [11e13]. In the
past few years, the latter semiconductors have been intensively
studied, with a special attention paid to the compound CuInSe2
(Eg ~ 1.0 eV), which is already used for high-efﬁcient solar cells due
to its high ability to absorb light [14].
In the meantime, it is interesting to ﬁnd other materials which
have similar type of properties with an optimal band gap for higher
effectiveness of possible devices. One such alternative may be
IIeIVeV2 compounds, which are ternary analogs of IIIeV binaries,
when the group III element is replaced by the elements of groups II
and IV [10]. In most IIIeV semiconductors, such replacement leads
to a distorted 1 1 2 supercell of the sphalerite structurewhich is
known as a chalcopyrite structure, similar to CuInSe2. In chalco-
pyrite structures c, the ratio of c/a lattice parameters is generally
slightly different from 2, and the distortion parameter u differs
from the ideal value of 1/4, which possibly will provide new
fundamental elastic, electronic, transport and optical properties of
the materials because of the symmetry lowering and different
cations arrangements [15]. Among the large number of AIIBIVC2V
chalcopyrite semiconductors only a few of them have been studied
for their linear and nonlinear applications. In this family the otherBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Therefore, it has been thought of interest to study the various
elastic and electronic and optical properties of these semi-
conductors. In this paper, we have used the density functional
theory to calculate the structural, elastic, electronic and optical
properties of chalcopyrite semiconductors HgGeP2 and HgGeAs2.
All the properties of these chalcopyrite semiconductors have been
calculated for the ﬁrst time. The calculated values of all parameters
are in good agreement with the available theoretical values of
similar type of compounds. The remaining parts of this research
paper are organized as follows: the computation detail is given in
section 2. In section 3 the results and discussion are given and
ﬁnally the summary of our study is given in section 4.
2. Computational method
The First-principles investigations were carried out using the
plane-wave pseudo-potential method based on the density-
functional theory [16] implemented in the CASTEP code [17]. The
exchange-correlation energy is treated within the generalized
gradient approximation using Perdew-Burke-Ernzerhof (PBE)
scheme [18]. In the calculations, the ultrasoft pseudo-potentials
were used, and the plane-wave cutoff energy was used 350 eV.
For the sampling of the Brillouin zone a Monkhorst-Pack grid [19]
of 10  10  10 k-points for HgGeP2 and HgGeAs2 were used. The
equilibrium crystal structures are obtained via geometry optimi-
zation in the Broyden-Fletcher-Goldfarb-Shanno (BFGS) minimi-
zation scheme [20]. Geometry optimization was performed using
with the total energy of 1  105 eV/atom, maximum force of
0.002 eV/Å, maximum stress of 0.05 GPa, and the maximum atomic
displacement of 1  103 Å. Mulliken bond population, electronic
density of states (EDOS), elastic constants Cij, and optical properties
were directly calculated by using the CASTEP code. The Debye
temperature is calculated by using the calculated elastic constants
systematically.
3. Results and discussion
3.1. Structural properties
The chalcopyrite structure has a body-centered tetragonal (bct)
structurewith 8 atoms in unit cell (space group I4 2d (No.122)). This
structure is closely related to that of sphalerite (zinc-blende) with a
speciﬁc ordered arrangement of cations accompanied by two small
tetragonal distortions. These distortions make the unit cell tetrag-
onal with the c-axis about twice the a-axis of the zinc-blende-type
unit cell. The ﬁrst type distortion is called tetragonal distortion
which is represented by the parameter c/a, where “a” is the lattice
constant in the x or y direction and c in the z direction [1]. The
second of these distortions is called tetrahedral distortion which is
represented by the internal structural parameter u and determines
the position of the anions in its neighbor tetrahedron. In an ideal
chalcopyrite lattice, which is derivative of the zinc-blende, u¼ 0.25
and c/a ¼ 2. For real compounds of pnictide of IIeIVeV2 group,
u¼ 0.214e0.304 and c/a¼ 1.769e2.016 [21]. The considered atomic
positions of HgGeB2 are given as: Hg atoms are positioned at (0, 0,
0) sites, Ge atoms occupy (0, 0, 0.5) positions and B atoms in (u,
0.25, 0.125) sites. The optimized conventional tetragonal cell and
primitive cell of HgGeP2 and HgGeAs2 are shown in Fig. 1. The lat-
tice parameters (a, c) and distortion parameter (u) have been
considered to built the crystal structures [22]. The calculated values
of lattice parameters and unit cell volume as determined from
geometry at zero pressure are listed in Table 1 along with values
obtained from other ﬁrst-principles calculations [23]. From Table 1
it is obvious that our calculated structural properties are very closeto the existing theoretical values. This ensures the consistency of
the present ﬁrst-principles investigations.
3.2. Elastic properties
The elastic properties of materials provide the useful informa-
tion about the bonding character between adjacent atomic planes,
the anisotropic character of the bonding, the structural stability and
the stiffness of materials [25]. These properties also provide the
information about the interatomic potentials, thermal expansion,
Debye temperature, phonon spectra and speciﬁc heat capacity
[26e29]. Elastic constants are deﬁned as a Taylor expansion of the
total energy as a function of a lattice strain [30e36]. In order to
study the elastic properties of HgGeP2 and HgGeAs2, the elastic
constants Cij, bulk modulus B, shear modulus G, Young's modulus E,
Poisson's ratio n, and the anisotropic factor A have been calculated
for the ﬁrst time and are presented in Table 2. The tetragonal crystal
like HgGeB2 has six independent elastic coefﬁcients Cij, i.e., C11, C12,
C13, C33, C44 and C66. In Table 2 we have listed the calculated elastic
constants along with available theoretical data of similar type of
compounds for comparison. At present, no experimental data are
available because of ﬁrst time study. For a stable tetragonal struc-
ture, the six independent elastic constants Cij should satisfy the
following BorneHuang criteria [37]:
C11 >0; C33 >0; C44 >0; C66 >0 (1)
ðC11  C12Þ>0; ðC11 þ C33  2C13Þ>0 (2)
2½ðC11 þ C12Þ þ C33 þ 4C13>0 (3)
The calculated elastic constants presented in Table 2 are positive
and satisfy the above conditions. This suggests that the chalcopyrite
semiconductors HgGeP2 and HgGeAs2 are mechanically stable
compounds.
The elastic anisotropy of a crystal is the orientation dependence
of the elastic moduli or sound velocities. A proper description of
such an anisotropic behavior has an important implication in en-
gineering science as well as in solid state (crystal) physics. To
quantify the elastic anisotropy of tetragonal structure, HgGeB2, we
have evaluated Zener anisotropic factor deﬁned by A ¼ 2C44/
(C11  C12). The calculated Zener anisotropic factor of HgGeB2 is
presented in Table 2 along with other results. The Zener anisotropy
factor A is used for measuring the degree of elastic anisotropy in
solids. The value of A¼ 1 for a completely isotropic material and if A
is smaller or greater than one, it shows that the material is aniso-
tropic. As shown in Table 2, the value of A for HgGeB2 is larger than
unity, indicating that the material under studied can be regarded as
elastically anisotropic material. . There are another anisotropy
parameter deﬁned by the ratio between linear compressibility co-
efﬁcients along the c and a axis for tetragonal crystal is kc/
ka ¼ (C11 þ C12  2C13)/(C33  C13). The unit value of this parameter
means that the compressibility along both directions is same i.e. the
crystal is isotropic but any value less (or greater) than unity in-
dicates that the compressibility along the c axis is either smaller or
larger than that along the a axis. Our result agrees well with other
values [38] and reveals that the compressibility along the c axis is
slightly larger than that along the a axis. This factor also indicates
that the materials HgGeP2 and HgGeAs2 are anisotropy.
We have estimated the bulk modulus (B) and shear modulus (G)
of polycrystalline aggregates from individual elastic constants, Cij,
by the well-known Voigt [32] and the Reuss [33] approximations
that are recurrently used in averaging the single-crystal elastic
constants for polycrystalline manners. Voigt assumes the uniform
strain throughout a polycrystalline aggregate and Reuss assumes
Fig. 1. The crystal structures of HgGeB2 (B]P, As) (a) the conventional tetragonal cell and (b) the primitive cell.
Table 1
Calculated lattice parameters (a, c in Å), ratio c/a, internal parameter (u), atomic positions, unit cell volume (Vo in Å3) and bulk modulus B (GPa) of chalcopyrite semiconductors
HgGeP2 and HgGeAs2 in comparison with available theoretical data.
Compounds a c c/a u Vo Atomic co-ordinates B Ref.
HgGeP2 5.771, 5.780a 11.033,10.716a 1.912 0.288 367.44 Hg(0,0,0);Ge(0.5,0.5,0.5); P(u,0.25,0.125) 76.38 [23,24]
HgGeAs2 6.037, 5.966a 11.679,11.085a 1.935 0.287 425.64 Hg(0,0,0);Ge(0.5,0.5,0.5); As (u,0.25,0.125) 67.64 [23,24]
a Others theoretical values, Ref. [23,24].
Table 2
The calculated elastic constants Cij (in GPa), and the shear anisotropic factors A, kc/ka
of chalcopyrite semiconductors HgGeB2 (B]P, As) compared with other theoretical
results of similar type of compound.
Compound C11 C12 C13 C33 C44 C66 A kc/ka Ref.
HgGeP2 101 47 48 94 50 51 1.852 1.109 Present
HgGeAs2 80 36 38 72 51 47 2.318 1.176 Present
HgSiP2 116 53 58 104 45 38 1.429 1.152 [38]
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the Voigt approximation for the tetragonal lattice are expressed as:
BV ¼
1
9
½2ðC11 þ C12Þ þ 4C13 þ C33 (4)
GV ¼
1
30
ðC11 þ C12 þ 2C33  4C13 þ 12C44 þ 12C66Þ (5)
In the Reuss approximation, the bulk modulus BR and shear
modulus GR are expressed as:
BR ¼
ðC11 þ C12ÞC33  2C213
C11 þ C12 þ 2C33  4C13
(6)
GR ¼
5C44C66
h
ðC11 þ C12ÞC33  2C213
i
2
h
3BVC44C66 þ
n
ðC11 þ C12ÞC33  2C213
o
ðC44 þ C66Þ
i (7)
It is evident that the Voigt and Reuss assumptions are true only
for isotropic crystals, but for an anisotropic crystal their assump-
tions become immediately invalid. Hill [34] shown that for an
anisotropic crystals the Voigt and Reuss assumptions result intheoretical maximum and minimum values of the isotropic elastic
moduli of the polycrystalline crystals respectively and suggested
that the actual effective moduli of anisotropic polycrystalline
crystals could be approximated by the arithmetic mean of the two
values. According to Hill approximation, the bulk modulus B and
shear modulus G are given by:
B ¼ 1
2
ðBR þ BV Þ and G ¼
1
2
ðGR þ GV Þ (8)
Again, from the calculated bulk modulus B and shear modulus G
we can estimate the Young's modulus Y and Poisson's ratio n by the
following relations:
Y ¼ 9BG
3Bþ G and n ¼
3B 2G
2ð3Bþ GÞ (9)
Using Eqs. (4)e(9) the calculated bulk modulus BR, BV, B, shear
modulus GR, GV, G, Young's modulus Y, compressibility K, and
Poisson's ratio n are listed in Table 3. It is seen that the difference
between BV and BR as well as GV and GR is comparatively small.
According to Hill the difference between these limiting values may
be proportional to the degree of elastic anisotropy of crystal. Ac-
cording to Pugh's criteria [35] a material should be brittle if its G/
B > 0.5, otherwise it should be ductile. From our calculations we see
that G/B > 0.5, hence the materials HgGeP2 and HgGeAs2 should
behave brittle manner. The knowledge of the Young's modulus and
Poisson's ratio are very important for the industrial and techno-
logical applications. The Young's modulus provides useful infor-
mation about the measure of the stiffness of the solids, i.e. the
larger the value of Y, the stiffer is the material. The Poisson's ratio
provides the information about the characteristics of the bonding
forces. The Poisson's ratio for a brittle material is very small,
whereas for a ductile metallic material it is typically 0.33 [36]. In
Table 3
The calculated Bulkmoduli (BR, BV, B in GPa), shear moduli (GR, GV, G in GPa), Young's modulus (Y in GPa), Compressibility (K in GPa1), G/B, and Poisson's ratio (n) in comparison
with available data.
Compounds BR BV B GR GV G Y K G/B n Ref.
HgGeP2 64.61 64.67 64.64 41.35 45.20 43.275 106.14 0.0155 0.669 0.226 Present
HgGeAs2 50.59 50.67 50.63 36.59 42.80 39.695 94.41 0.0198 0.784 0.189 Present
HgSiP2 74.81 74.89 74.85 36.10 38.03 37.07 95.45 0.0134 0.495 0.287 [39]
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HgGeAs2 possess the property of brittleness.3.3. Electronic properties
The details study of the electronic properties of materials pro-
vides a profound understanding about the physical properties and
bonding nature of crystal. Hence it is important to study the details
bonding characteristics of HgGeP2 and HgGeAs2. In this case the
study of the electronic band structure and density of states (DOS)
plays the most important role. In order to have a deep insight into
the bonding nature of these two compounds, the total density of
states (TDOS) and partial density of states (PDOS) have been
investigated and shown in Fig. 3. To know about the metallic nature
of HgGeP2 and HgGeAs2 compounds the electronic band structure
along the high symmetry direction in the Brillouin zones have been
investigated and is presented in Fig. 2.
Analyzing the band structure diagram shown in Fig. 2, we
determine the band gap of HgGeP2 and HgGeAs2 chalcopyrite is
0.019 eV and 0.057 eV respectively. The investigation is run within
the generalized gradient approximation (GGA) using the PBE and
PBESOL scheme for HgGeP2 and HgGeAs2 chalcopyrite respectively.
We did not get any band gap of HgGeAs2 using GGA (PBE) scheme.
However these values of the evaluated band gap indicate that both
the compounds under study are narrow band gap semiconductors.
From Fig. 3 we see that the low-lying valance bands are located
from 15 eV to 10 eV for both HgGeP2 and HgGeAs2. In case of
HgGeAs2, this band is composed of mainly Ge-4s, Ge-4p and As-4s
states and Ge-4s, Ge-4p and P-3s states for HgGeP2. The valence
bands are located from about 10 eV to the Fermi level and are
composed of mainly P-3p, Ge-4s, Ge-4p and Hg-5d states for
HgGeP2 and As-4p, Ge-4s, Ge-4p and Hg-5d states for HgGeAs2.
However near Fermi level the contribution of P-3p and Ge-4p states
for HgGeP2 and As-4p and Ge-4p states for HgGeAs2 are dominant.
The conduction band near the Fermi level are mainly composed of
P-3p, Ge-4s, Ge-4p and Hg-6s for HgGeP2 and As-4p, Ge-4s, Ge-4p
and Hg-6s for HgGeAs2. Mulliken overlap population [40] is a greatFig. 2. Electronic band structures of HgGeP2 (a) and HgGeAs2quantitative criterion for further understanding the bonding
property of materials. The atomic Mulliken population of HgGeP2
and HgGeAs2 is tabulated in Table 4. A low value of bond population
indicates the ionic bonds, whereas a high value indicates the co-
valent bond.
A value of zero indicates a perfectly ionic bond and the values
greater than zero indicate the increasing levels of covalency [41].
From Table 4, it is evident that signiﬁcant covalent bond exist in
HgGeP2 whereas both covalent and ionic bonds exist in HgGeAs2.
The bond lengths of HgGeP2 and HgGeAs2 are also determined and
listed in Table 4.3.4. Optical properties
It is very necessary to study the optical functions because it
helps us to get a clear concept about the electronic structure of
material. The optical properties of HgGeP2 and HgGeAs2 with
different photon energies are calculated by the frequency-
dependent dielectric function, ε (u) ¼ ε1(u) þ iε2(u), which is
closely related to the electronic band structure. The imaginary part
ε2(u) of the dielectric function is expressed as the momentum
matrix elements between the occupied and the unoccupied elec-
tronic states and can be calculated directly using [42]:
ε2ðuÞ ¼
2e2p
Uε0
X
k;v;c
jckjbu, r!jjvk2dEck  Evk  E (10)
where u is the light frequency, e is the electronic charge, bu is the
vector deﬁning the polarization of the incident electric ﬁeld, and jck
and jvk are the conduction and valence band wave functions at k,
respectively. From the imaginary part ε2(u), the real part ε1(u) of
the dielectric function is derived through the Kramers-Kronig re-
lations. All the other optical properties, such as refractive index,
absorption spectrum, loss-function, reﬂectivity and conductivity
(real part) are derived from the formalism developed in Ref. [42].
Fig. 4 exhibits the optical functions of HgGeP2 and HgGeAs2
calculated for photon energies up to 20 eV for polarization vector(b) along high symmetry direction in the Brillouin zones.
Fig. 3. Calculated partial and total density of states of HgGeAs2 (a) and HgGeP2 (b).
Table 4
Mulliken electronic populations of HgGeP2 and HgGeAs2 chalcopyrite.
Compounds Species s p d Total Charge Bond Population Lengths (Å)
HgGeP2 P 1.73 3.58 0.00 5.31 0.31 P-Ge 0.45 2.36
Ge 1.06 2.32 0.00 3.38 0.62 P-Hg 0.59 2.57
Hg 0.99 1.10 9.91 12.01 0.01
HgGeAs2 Ge 1.21 2.36 0.00 3.57 0.43 Ge-As 0.49 2.48
As 1.72 3.41 0.00 5.13 0.13 As-Hg 0.25 2.62
Hg 1.08 1.19 9.90 12.17 0.17
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because this smears out the Fermi level, so that k-points will be
more effective on the Fermi surface. The reﬂectivity spectra of
HgGeB2 as a function of photon energy are shown in Fig. 4 (a). It is
obtained that the reﬂectivity of both the compounds having nearly
similar characteristics. The reﬂectivity of HgGeAs2 starts with a
value of ~0.57, at ﬁrst decreases and then rises again to reach
maximum value of ~0.66 in the energy range 10e14.6 eV. Again the
reﬂectivity of HgGeP2 starts with a value of 0.41 increases and
reaches to maximum value of ~0.78 between 10 and 14.6 eV. Thusboth the phases have roughly similar reﬂectivity spectra, show
promise as good coating materials between 10 and 14.6 eV regions.
The absorption coefﬁcient indicates how far light of a speciﬁc
energy or wavelength can penetrate into the material before being
absorbed [43]. The absorption spectra of HgGeP2 and HgGeAs2
shown in Fig. 4(b) reveal the semiconducting nature of these
compounds since the spectra start from 0.04 to 0.08 eV. For both
compounds the absorption spectra arise sharply below 5.5 eV and
the highest peaks for polarization direction [100] appear at 6.8 eV
and then decrease drastically up to 14.8 eV.
Fig. 4. The optical functions (a) reﬂectivity, (b) absorption, (c) refractive index, (d) dielectric function, (e) conductivity and (f) loss function of HgGeP2 and HgGeAs2 for polarization
vector [100].
Md.A. Rahman et al. / Computational Condensed Matter 9 (2016) 19e2624The refractive index of an optical medium is a dimensionless
number and it describes how light or any other radiation propa-
gates through that medium. As function of photon energy the
refractive index of HgGeB2 is shown in Fig. 4 (c.). The real parts of
refractive indices of HgGeP2 and HgGeAs2 are illustrated in Fig. 4
(c). The static refractive indices of the two phases for polarization
direction [100] are 4.46 and 7.04 respectively. From Fig. 4(c) it is
obvious that the refractive indices of these compounds are high in
the infrared region and gradually decreased in the visible and ul-
traviolet region.
Dielectric function is a fundamental optical parameter which
describes the absorption and polarization properties of materials.
The investigated dielectric constant of HgGeP2 and HgGeAs2 are
plotted in Fig. 4(d) as a function of photon energy up to 20 eV. In
Fig. 4(d) it is evident that the imaginary part of the dielectric
constant becomes zero at about 12.58 eV for HgGeP2 and 12.66 eV
for HgGeAs2 indicating that these two compounds becomes
transparent above these energy respectively. The nonzero portion
of imaginary part of the dielectric constant indicates the occurrence
of absorption in that energy range. It is clear from Fig. 4(d) that forboth the compounds under study, absorption occurs from 0 eV to
12 eV. These results match well with the results obtained from the
absorption spectra indicating the accuracy of our present DFT based
calculation. The calculated static dielectric constant of HgGeP2 is
19.28 whereas for HgGeAs2 the value is 50 indicating that HgGeAs2
is a good dielectric material than HgGeP2.
The photoconductivity is an optoelectronic phenomenon in
which electrical conductivity of a material increases due to the
absorption of electromagnetic radiation. Since both the materials
have small band gap as the evident from band structure, the
photoconductivity starts from ~0.03 eV photon energy as shown in
Fig. 4 (e). Both compounds are highly electrically conductive when
the incident radiation has energy within the range of ~3.5e4.5 eV.
The electrical conductivity due to the absorption of photon energy
is small in the energy range 11e16 eV. There is no photoconduc-
tivity when the photon energy is higher than 17 eV. The energy loss
function of both compounds as a function of photon energy is
shown in Fig. 4 (f), which explains the energy loss of a fast electron
traversing the material [44]. It is deﬁned by the bulk plasma fre-
quency up which occurs at ε2 < 1and ε1 ¼ 0. In the energy-loss
Md.A. Rahman et al. / Computational Condensed Matter 9 (2016) 19e26 25spectrum, we see that the effective plasma frequency up of the two
phases are equal to 15.72 and 14.95 eV. The material becomes
transparent when the incident photon frequency is higher than up.
3.5. Debye temperature
The Debye temperature (qD) is a very crucial thermodynamic
parameter for the measurement of crystals physical properties such
as speciﬁc heat, thermal expansion, melting point etc. In Debye
theory, the Debye temperature is the temperature of a crystal's
highest normal mode of vibration. Hence Debye temperature qD is
the highest temperature that can be achieved due to a single
normal lattice vibration. The Debye temperature can be calculated
by using the elastic constants data, which is same as that deter-
mined from speciﬁc heat measurement of solid at low temperature.
The Debye temperature qD is obtained from the average sound
velocities Vm and unit-cell by using the following equation [45,46]:
qD ¼
h
kB

3N
4pV
1
3
 vm (11)
Where, h is deﬁned as the Planck constant, N is the number of
atoms in unit cell and V is the volume of the unit cell. In the above
equation Vm is the average sound velocity, which is given by-
vm ¼
"
1
3
 
2
v3t
þ 1
v3l
!#13
(12)
Where, Vl and Vt are longitudinal and transverse elastic wave ve-
locities respectively, which can be expressed as follows:
vt ¼

G
r
1
2
(13)
and
vl ¼

3Bþ 4G
3r
1
2
(14)
The calculated transverse, longitudinal and average sound ve-
locities of HgGeP2 and HgGeAs2 semiconductors using the above
equations are tabulated in Table 5. Using Eq. (11) the calculated
values of (qD) of HgGeP2 and HgGeAs2 semiconductors are listed in
Table 5 along with the theoretical values of similar type of
component.
4. Conclusion
In this work we have performed ﬁrst-principles calculations
based on density functional theory to study the structural, elastic,
electronic and optical properties of chalcopyrite semiconductors
HgGeP2 and HgGeAs2. We have also calculated the Debye temper-
ature of these compounds. The independent elastic constants, bulk
modulus, shear modulus, Young's modulus, Poisson's ratio,Table 5
The calculated density r (gm/cm3), transverse (Vt), longitudinal (Vl), and average
sound velocity Vm (m/s) and Debye temperature QD (K) of HgGeP2 and HgGeAs2
chalcopyrite semiconductors.
Compounds r Vt Vl Vm QD Reference
HgGeP2 3.0245 3776.38 4360.58 3935.94 327.55 Present
HgGeAs2 3.2941 3471.35 4008.37 3618.84 321.73 Present
ZnGeP2 e e e e 438.87 [47]compressibility and elastic anisotropy factor are calculated for the
ﬁrst time. The analysis shows that the compounds are mechanically
stable and poses large anisotropy on elasticity and brittle behavior.
It is shown that HgGeP2 has smaller lattice constants and large bulk
modulus than HgGeAs2. The electronic structures of HgGeP2 and
hgGeAs2 reveal that both compounds are semiconductors with
band gap of 0.019 eV and 0.073 eV respectively. The study of optical
properties reveals that the refractive indices of these compounds
are high in the infrared region and gradually decreased in the
visible and ultraviolet region. It is also found that HgGeAs2 is a good
dielectric material than HgGeP2. Since we have investigated the
details physical properties of these two semiconductors for the ﬁrst
time, the experimental conﬁrmation of our predicted properties is
being expected in future.We hope that our present investigation on
these two semiconductors will help to advance this ﬁeld.References
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